ABSTRACT. New β-titanium based alloys with low Young's modulus are currently required for the next generation of metallic implant materials to ensure good mechanical compatibility with bone. Several of these are representatives of the ternary Ti-Mo-Nb system. The aim of this paper is to assess the in vitro biological performance of five new low modulus alloy compositions, namely Ti12Mo, Ti4Mo32Nb, Ti6Mo24Nb, Ti8Mo16Nb and Ti10Mo8Nb.
Introduction
Nowadays, the strategies in the design of orthopedic implants try to create biomaterials with a low Young modulus in order to inhibit the stress shielding effect that occurs at the bone-implant interface. This phenomenon is associated with bone atrophy, weakness at the interface between the implant and the host tissue and, ultimately, premature rejection of the implant [1] . β-Type titanium (Ti) alloys represent some of the most attractive biomaterials due to their superior mechanical properties and biocompatibility, including a low elastic modulus and good plasticity [2] . Therefore, from mechanical compatibility perspective, β-Ti alloys are more suitable for biomedical applications than conventional materials used as hard tissue substituents. On the other hand, the presence of potentially toxic elements in the commonly used metallic biomaterials such Ni, Al, V must be avoided for the next generation of implantable materials. Consequently, attempts have been made to replace them with other non-toxic elements in order to enhance the safety of biomedical implants. Non-toxic β-stabilizers like Nb, Mo, Ta, Zr, Sn, etc. were selected for designing new β-type Ti-based alloys with lower elastic modulus, greater strength and corrosion resistance [3] . In recent years, various low modulus β-type Ti-based alloys, among which Ti-Mo [4, 5] , Ti-Nb [6] [7] [8] [9] , and the ternary Ti-Mo-Nb or Ti-Ta-Nb [3, [10] [11] [12] [13] [14] [15] , were elaborated. As alloying element, Nb is well known to exhibit a very good resistance against corrosion in simulated body fluid and excellent biocompatibility [16, 17] . The use of Mo is somewhat controversial [18] but some studies have demonstrated adequate mechanical compatibility and good cytocompatibility of Ti-alloys containing Mo such as Ti-Mo, Ti-Mo-Ta or Ti-Mo-Zr-Fe [19] [20] [21] [22] [23] . The advantage of using Mo is that this element has strong β-stabilizing properties on Ti alloys in comparison with Nb, Ta or Zr elements and the synthesis of β-Ti alloys containing Mo is then easier.
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There is a scarce literature concerning biological activity of β-Ti alloys containing Mo and/or Nb in various ratios or in addition to other non-toxic elements. For example, Junior et al. [23] showed that binary Ti-15Mo alloy did not elicit any cytotoxic effect and did not cause interference in the cellular growth or viability of MC3T3-E1 pre-osteoblasts. Likewise, Ti16Nb alloy proved to have an excellent biocompatibility exhibiting high proliferation rate of L929 cells [7] , oxidized Ti-Nb alloy increased the proliferation rate of MG-63 osteoblasts [24] and the porous Ti-Nb supported the rabbit bone marrow mesenchymal stem cell adhesion and growth with no obvious inflammatory response [25] . Moreover, Wu [26] assessed the in vitro and in vivo biological responses of a new β-Ti Mo alloy, namely Ti-9.7Mo-4Nb-2V-3Al. This alloy exhibited good biocompatibility with respect to cytotoxicity, acute irritation, systemic toxicity, rabbit pyrogen, indirect and direct contact hemolysis and short-term implantation, based on ISO 10993 recommended for material screening.
In this paper, we study the in vitro biocompatibility of a group of five new biomedical beta Ti-based alloys: Ti12Mo, Ti4Mo32Nb, Ti6Mo24Nb, Ti8Mo16Nb and Ti10Mo8Nb.
These alloys demonstrated excellent mechanical properties such as low modulus at around 80
GPa, high strain hardening reaching a maximum value close to 2000 MPa, large plastic deformation and good ductility since around 40% of elongation at rupture was obtained [27] .
Bone cell biocompatibility was investigated on mouse MC3T3-E1 pre-osteoblastic cell line and the evaluation of the inflammatory response generated by these surfaces was performed on murine RAW 264.7 macrophage cell line. Osteoblast response was evaluated in terms of cell adhesion and proliferation, as well as morphological characteristics and cell differentiation. Also, the inflammatory response was assessed mainly by the quantification of some pro-inflammatory mediators secreted in the culture medium, namely TNF-α (tumor necrosis factor-α), RANTES (Regulated upon Activation Normal T cell Expressed and Secreted) and MIP-1α (macrophage inflammatory protein-1α).
Experimental

Alloy preparation and characterization
The five studied alloy composition were synthesized by the cold crucible levitation melting (CCLM) technique in a CELES induction furnace under a pure Ar atmosphere, which was introduced after several cycles of high vacuum pumping. Ingots of about 20 g were thus obtained by this melting process. After melting, the ingots were annealed in the β-phase domain under high vacuum (10 -7 mbar) at 950°C for 20 h in order to homogenize the microstructure due to the thermal gradient occurring during solidification and then water quenched. The ingots were cold rolled (CR=90%) and machined to obtained biological test samples (discs of 13 mm diameter and 1mm thickness). All samples were finally solution treated at 850°C for 30 minutes and water quenched in order to restore a fully recrystallized metastable β-microstructure from the cold-rolled state.
X-ray diffraction (XRD) was used to check that the elaborated alloys well present the b-phase microstructure required. The measurements were performed at room temperature with a Philips PW 1830/00 diffractometer with CuK α1 radiation (λ=1.54060Å).
In this study, the commercially pure titanium (cpTi) was used as reference for the biological tests (GoodFellow supplier). In order to eliminate the effects of surface topography on cell behaviour, all the tested samples were mechanically polished on silicon carbide abrasive papers using an automatic polishing system (Struers). The polished samples were cleaned by immersion for 30 min in alcohol and 30 min in distilled water using an ultrasonic cleaner (Geoson LD-050).
The roughness of the samples was evaluated using a conventional confocal microscope (CHR 150N, Stil) in "distance" mode. For each alloy, 10 measurements were obtained from
200x200 µm areas in different zones of the 12 samples. From these measurements, an average roughness value, Ra, was evaluated (±standard deviation) for each alloy.
In vitro study design
The biological activities elicited by the contact with the alloy surfaces in bone healing cells and macrophages involved in the inflammatory cascade, were studied by using MC3T3- 
Evaluation of cytotoxicity
Possible cytotoxic effects of the tested substrates were evaluated in the case of MC3T3-E1 pre-osteoblasts by analyzing the activity of lactate dehydrogenase (LDH) released into the culture medium as a marker of cell death and lysis of the plasma membrane. The study was carried out in triplicate in the cell culture medium, kept in contact with the Ti-based materials for 48 h, by using a cytotoxicity detection kit (Tox-7, Sigma-Aldrich) according to the
manufacturer's protocol. Absorbance was evaluated at 490 nm using a microplate reader (Thermo Scientific Appliskan).
Cell viability and proliferation
The viability of MC3T3-E1 and RAW 264.7 cells was assessed at 1-, 3-, 5-and 1-, 2-days post-seeding, respectively. This study was performed using tetrazolium dye (MTT) colorimetric assay, as previously reported [28] .
Fluorescent labelling of actin and vinculin
The pre-osteoblast cells grown on Ti-based alloys for 15 min, 30 min, 2 h and 24 h, were fixed with 4% paraformaldehyde, permeabilized and blocked with 0.1% Triton X-100/2% bovine serum albumin for 1 h and, subsequently, washed with phosphate buffered saline (PBS). The samples were then incubated with anti-vinculin antibody (Santa Cruz Biotechnology) for 2h at room temperature, washed again with PBS and incubated for 1h
with a specific secondary antibody coupled with Alexa Fluor 488. Subsequently, it was added phalloidin coupled with Alexa Fluor 546, to label actin filaments, and DAPI (4'6-diamidino-2-phenylindole) to visualize the nuclei. The macrophage morphology studies were performed by labeling the actin cytoskeleton with Alexa Fluor 488-phalloidin. Labeled samples were washed 3 times with PBS and examined under an inverted microscope equipped with epifluorescence (Olympus IX71). The microscopic images were captured using the Cell F software.
Evaluation of the extracellular matrix mineralization
To evaluate the differentiation potential, pre-osteoblasts were seeded at a density of 5 x
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8 assessed at 4-and 6-weeks post-seeding by Alizarin red staining of calcium deposits [28] and by Sirius Red staining of type I collagen. The formed collagen matrix was identified by
Sirius Red (Bio-optica) staining of fixed specimens with 10% formaldehyde solution (for 20 min), followed by its solubilization in a sodium hydroxide:methanol (1:1) solution. The absorbance of resulted solution was read at 405 nm using a microplate reader (Thermo Scientific Appliskan).
Extracellular cytokine and chemokine analysis
The concentrations of TNF-α, MIP-1α and RANTES that were secreted in the culture medium were determined by ELISA technique (R&D Systems) according to package insert instructions. The levels of secreted cytokine/chemokines were measured in supernatants harvested at 24-and 48-h post-seeding. To eliminate variations due to the differences in cell viability, secreted cytokine and chemokines were expressed in relation to the number of cells that grew in contact with the control sample, according to the results of the MTT assay.
Concentrations of the analyzed cytokine and chemokines were calculated as follows:
normalized pg/ml = measured pg/ml x (control cells MTT OD/sample cells MTT OD).
Statistical analysis
Statistical analysis was performed using one-way ANOVA with Bonferroni's multiple comparison tests. All values are expressed as mean value ± standard deviation (SD) of three independent experiments and differences at p>0.05 were considered statistically insignificant.
Results
Alloy characterization
As presented in Fig. 1A , all five alloy compositions were found to be in a fully β-microstructural state (body centred cubic structure) by XRD analysis. Indeed, each peak can be well indexed with this crystallographic structure and the related diffracted planes are indicated on the diffractograms.
After polishing, all samples used for the biological tests have the same morphology, with a 0.75 ± 0.05 µm R a roughness value. Fig. 1B illustrates a typical morphology, characteristic for all alloys obtained by confocal microscopy.
MC3T3-E1 pre-osteoblast behaviour
Cell viability and proliferation
The effects of the newly-developed Ti-Mo-Nb alloys on pre-osteoblast cell viability were studied by quantifying the amount of cytoplasmic LDH released from the damaged cells and the mitochondrial dehydrogenases from the viable cells as biocompatibility markers for cell-biomaterial interaction. As it is clear from Fig. 2A , the cells grown on the alloy surfaces showed low levels of LDH released in the culture medium at all studied time points. There were no statistically significant differences between Ti-alloys and the reference material. It can also be noticed an increase in the amount of LDH released by the MC3T3-E1 cells over incubation time. This increase is not a significant one for the substrate-induced cytotoxicity and could be explained by the cell death that could appear as the monolayer confluence proceeds and by a longer cell incubation time. The MTT assay indicates that the number of metabolically active cells is increasing with the incubation period (Fig. 2B) . Moreover, no significant differences between the optical density (OD) values obtained for cells grown on
Ti-Mo-Nb alloys and between these and the reference biomaterial were remarked at any time point.
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT 10
Cell attachment and morphological features
Cell adhesion and morphology were both investigated in this study to further confirm the biocompatibility of these Ti-alloys in an in vitro environment. Fluorescence microscopy was used in order to assess the cell attachment, spreading and morphological features.
Concomitant labeling of actin and vinculin was used to evaluate the cell attachment and cytoskeleton organization in pre-osteoblasts grown on the analyzed substrates for 15 min, 30
min, 2 h and 24 h (Fig. 3) . It can be seen that, after 15 min of culture (Fig. 3A) , the cells were in the process of spreading on the metallic substrates. Cortical actin bundles predominantly appeared at the peripheries of cells, consistent with a less-spreading and rounded up morphology. At 30 min post-seeding, the cell area increased, the actin filaments were still localized in the peripheral regions of the cells but immunoreactive sites for vinculin, showing a punctiform pattern which suggests the formation of focal adhesions between plasma membrane and extracellular proteins adsorbed to biomaterial surfaces, appeared in some cells (Fig. 3B ). This pattern of vinculin staining was more evident at 2 h after cell plating (Fig. 3C) when the cells attained a well spread morphology on all analyzed metallic substrates, suggesting that they equally support cell adhesion. MC3T3-E1 cells cultured for 24 h (Fig.   3D ) assumed an elongated, spindle-shaped appearance typical for osteoblast-like cells and exhibited prominent actin stress fibers that appeared to be arranged parallel to the long axis of the cell. Furthermore, immunoreactive sites for vinculin, displaying punctiform pattern, were found predominantly at the termini of actin microfilament bundles. This indicates that all five newly-developed surfaces exhibit greatest amount of adhesion with no difference in adhesion pattern, and also showed very similar patterns with the reference material, cpTi. Further, no differences in cell morphology and number were observed and there was no evidence of membrane damage, cytoplasmic vacuolation or cell death.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 11
Pre-osteoblast differentiation and mineralization of extracellular matrix
We further evaluated the long-term response of osteoblast grown in contact with the TiMo-Nb alloys and cpTi with regard to the osteoblast differentiation and matrix mineralization potential, in the abscence or presence of the osteogenic cell culture supplements (50 μg·mL -1 ascorbic acid and 5 mM beta-glycerophosphate). Cell differentiation was assessed after 4 and 6 weeks of culture, a time period required by the cells to display evidence of maturation. For detection of matrix calcification, Alizarin Red staining was performed, and collagen was quantified by staining with Sirius Red. We found out a significant increase in matrix mineralization when MC3T3-E1 cells were cultured in the differentiation-inducing media comparative with unstimulated pre-osteoblasts, both at 4 and 6 weeks post-seeding (Fig. 4A ).
Furthermore, a time-dependent increase in OD values was remarked for both culture conditions and no significant differences between the analyzed substrates were found. The same trend was noticed with regard to total collagen synthesis (Fig. 4B ). Consequently, the tested metallic surfaces appeared to have no differential effects on either the quantity of calcium deposits (Fig. 4A) or the extent of collagen formation (Fig. 4B) , being able to equally support the pre-osteoblast differentiation.
RAW 264.7 macrophage behaviour
In order to assess the biological activity of RAW 264.7 macrophages in contact with the Ti-Mo-Nb alloys in terms of adhesion and proliferation ability, we concomitantly used a qualitative method which allowed fluorescent visualization of actin cytoskeleton and a quantitative assay, MTT, which measured cell proliferation rate. RAW 264.7 cells were maintained in culture for up to 48 h in the presence or absence of LPS, an outer membrane component of Gram-negative bacteria which can initiate a potent inflammatory response. As regards the cell density and proliferation, the OD values were very similar for all Ti-based
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12 alloys with a slight decrease on cpTi, in both culture conditions (Fig. 5B ). Fluorescence microscopy images (Fig. 5A) reveal a uniform population of cells with round appearance on all analyzed surfaces. However, in the pro-inflammatory conditions, round cells with increased cell area as well as cells displaying an elongation tendency were remarked. These observations suggest that all tested biomaterials have the ability to equally support the adhesion and growth of macrophages. Subsequently, we analyzed the levels of proinflammatory cytokine TNF-α and chemokines MIP-1α and RANTES released into the culture medium after 24 h and 48 h of culture in both standard and pro-inflammatory conditions. As shown in Fig. 6 , macrophages grown on all studied alloys displayed very similar levels of cytokine/chemokine secretion with a slight increase, but not a significant one, on the cpTi. Furthermore, these pro-inflammatory mediators recorded a significant increase when macrophages were stimulated with LPS. It should be also noted that cytokine/chemokine levels demonstrated a time dependent reduction suggesting the absence of a persistent inflammatory response. This decrease was more prominent in LPS-stimulation conditions for all analyzed pro-inflammatory molecules.
Discussion
Osteoblasts and macrophages are key cells involved in the implant osseointegration process. Hence, evaluation of their behaviour on potential biomaterials may provide insight into their biocompatibility. In this study, we have investigated the in vitro biological performance of newly-developed alloy compositions in the ternary Ti-Mo-Nb system. The first objective of the study was to assess in vitro short-term biocompatibility of these alloys in comparison with cpTi. Thus the results of LDH and MTT assays indicated that all five Tialloys surfaces exhibited no cytotoxic effects on MC3T3-E1 cells, being able to support the
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13 normal cell growth and proliferation, in a very similar manner with the reference material.
Besides cytotoxicity and proliferation rate, an important issue of cell response to the biomaterial surface is cell adhesion. In vivo, metallic implants are subjected to fibrous encapsulation which is known to occur following inadequate cell adhesion to their surface, resulting in the implant destabilization as well as an inhibition of tissue regeneration and repair [29] . Thus the consequences of impaired cell adhesion are the rejection and failure of the implant. In this study, we have investigated one of the primary mechanisms of cell adhesion, namely the formation of focal contacts. Focal contacts consist of a variety of molecules that link the actin cytoskeleton to the external environment, allowing the cell to adapt to the surface. Vinculin is a membrane-cytoskeletal protein in focal adhesions associated with cell-cell and cell-matrix junctions [30] . Therefore, this integral focal adhesion protein is ideal for the assessment of cell adhesion to the substrate due to the fact that it appears within 3 hours of cell attachment [31] . We could detect immunoreactive sites for vinculin, showing a punctiform pattern which suggests the formation of focal adhesions, especially at 2 h and 24 h post-seeding. Consequently, all analyzed surfaces favored cell adhesion to equivalent extents. Further, the morphological features of the osteoblasts evaluated in terms of the degree of cell spreading as well as an estimation of cell shape, were used as a mean for comparing the effects of Ti-Mo-Nb alloys and cpTi. In the fluorescence microscopy images we observed a progressive spreading of the cells towards an elongated, spindle-shaped appearance which is typical for osteoblast-like cells. Furthermore, a highly organized cytoskeleton with classical stress fibers could be remarked, aspect that is often associated with strong osteoblast adhesion. Hence, the short-term in vitro osteoblast response proved that all tested surfaces sustained a normal cellular morphology with high number of focal adhesion sites anchoring the cells to the metallic substrates.
14
On implantation in a living body, biomaterials have the potential to elicit an immune response that can either sustain regeneration or lead to fibrosis in case of an aggravated inflammation [32] . Early presence of macrophages at the biomaterial implantation site is critical for a normal healing of the surrounding tissue after injury [33] . Thus, the behaviour of macrophages can increase, decrease or redirect the inflammatory and subsequent healing processes associated with the presence of a biomaterial [34] . In our study, the MTT assay results and the fluorescent images show that the newly developed Ti-Mo-Nb alloys are able to sustain the survival and proliferation of macrophages. Moreover, RAW 264.7 cells grown on these substrates exhibited a normal cell growth and morphology. Thus, in standard culture conditions, they assumed a typical rounded morphology but in the LPS-stimulation conditions they became bigger and displayed a ruffled membrane. As compared with MC3T3-E1 cells, which displayed highly organized and aligned actin fibers, the macrophages exhibited mainly a difuse actin staining. As Owen et al. [35] stated, macrophages are motile cells that form small focal complexes rather than large focal adhesions and produce fine actin cables rather than stress fibers. They are key players during the initial phase of bone healing and remodeling [36] . During this phase, macrophages secrete various cytokines, chemokines and growth factors that contribute to pushing the wound healing process into the next phase [37] . While it is clear that the biomaterial surface can have a profound effect on the inflammatory response, the secretion of these molecules in high amounts may lead to inflammatory osteolysis and implant instability [38] . Our data show that macrophages on all surfaces released low amounts of pro-inflammatory cytokines in standard culture conditions.
Moreover, the amount of pro-inflammatory factors decreased from 24 h to 48 h. These studies confirm the fact that RAW 264.7 cells were slightly activated and do not promote a prolonged inflammation in contact with the tested substrates. However, a higher degree of activation occurred under LPS treatment.
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Finally, the most important goal in biomaterials research is the substrate ability to support the development of progenitor cells into functional tissues. The long-term outcome of metallic implants should result in the formation of a characteristic interfacial layer and bone matrix with appropriate biomechanical properties. The formation of a mineralized matrix during implant osseointegration involves recruitment of multipotent mesenchymal stem cells and their progressive differentiation into osteoblasts [39] . In this context, we have investigated the effects of the five analyzed surfaces on the pre-osteoblast differentiation into mature cells and on matrix mineralization potential. We found out that all studied alloys allowed cell differentiation to occur on their surfaces. Thus, calcium deposits and type I collagen were formed in increasing amounts from 4 to 6 weeks. Importantly, the expression of these bone markers was higher under osteogenic stimulated conditions. These results suggest that the novel β-type Ti-Mo-Nb alloys could support the osteogenic activity at the interface of the implant with bone.
As regards the critical biological responses for implant performance, in the literature are presented very few papers that investigate the differentiation potential or the inflammatory reactions that could occur in response to β-Ti based alloys. For example, a recent study [28] has aimed to evaluate the pre-osteoblast and macrophage responses induced by a novel β-type alloy, Ti-23Nb-0.7Ta-2Zr-0.5N, as compared with Ti-6Al-4V. The results obtained indicated that the newly-developed alloy was significantly more efficient in supporting mineralized matrix deposition upon osteogenic induction than the reference material. Also, the analysis of cytokine gene and protein expression profiles in RAW 264.7 macrophages indicated no significant inflammatory response. Another recent study [40] investigated three different compositions in Ti-Nb-Zr-Ta (A1, A2 and A3) by performing in vivo biocompatibility tests on Wistar adult rats. Following intraosseous and subcutaneous implantation, the sample A1 showed an enhanced mineralization around the material and also a good biocompatibility regarding blood parameters. Likewise, TiMo12Zr6Fe2 (TMZF) alloy allowed the adhesion and proliferation of primary human fibroblasts and osteoblasts and also increased the amount of type I collagen as compared with plastic tissue culture dishes [20] .
In this context, taken together all our observations with respect to the biological response of MC3T3-E1 and RAW 264.7 cells to the newly-developed Ti-Mo-Nb compositions it could be predicted that these metallic substrates can promote bone growth and implant osseointegration.
Conclusion
This in vitro research indicates that the new beta Ti-Mo-Nb alloy compositions lead to good biocompatibility. As we have shown, the developed β-type Ti-based alloys did not negatively impact on the adhesion, morphology, proliferation rate and differentiation potential of MC3T3-E1 pre-osteoblasts as compared to the reference biomaterial, cpTi.
Moreover, no significant inflammatory response was elicited in RAW 264.7 macrophages grown on these alloys. In the context of biomaterials development for current bone implantology, these findings open new avenues towards the potential use of these innovative alloys for tissue regeneration purposes.
